Wagh AA, Roan E, Chapman KE, Desai LP, Rendon DA, Eckstein EC, Waters CM. Localized elasticity measured in epithelial cells migrating at a wound edge using atomic force microscopy. Am J Physiol Lung Cell Mol Physiol 295: L54 -L60, 2008. First published May 16, 2008 doi:10.1152/ajplung.00475.2007.-Restoration of lung homeostasis following injury requires efficient wound healing by the epithelium. The mechanisms of lung epithelial wound healing include cell spreading and migration into the wounded area and later cell proliferation. We hypothesized that mechanical properties of cells vary near the wound edge, and this may provide cues to direct cell migration. To investigate this hypothesis, we measured variations in the stiffness of migrating human bronchial epithelial cells (16HBE cells) ϳ2 h after applying a scratch wound. We used atomic force microscopy (AFM) in contact mode to measure the cell stiffness in 1.5-m square regions at different locations relative to the wound edge. In regions far from the wound edge (Ͼ2.75 mm), there was substantial variation in the elastic modulus in specific cellular regions, but the median values measured from multiple fields were consistently lower than 5 kPa. At the wound edge, cell stiffness was significantly lower within the first 5 m but increased significantly between 10 and 15 m before decreasing again below the median values away from the wound edge. When cells were infected with an adenovirus expressing a dominant negative form of RhoA, cell stiffness was significantly decreased compared with cells infected with a control adenovirus. In addition, expression of dominant negative RhoA abrogated the peak increase in stiffness near the wound edge. These results suggest that cells near the wound edge undergo localized changes in cellular stiffness that may provide signals for cell spreading and migration. wound healing; ventilator-induced lung injury; Rho-GTPases BECAUSE THE AIRWAY EPITHELIUM provides the interface between the outside environment and the body, it is vulnerable to injury from pollutants, infectious agents, and mechanical trauma. When injury to the epithelium occurs, it is important to rapidly restore the integrity of the barrier to prevent further infection or damage. The normal process of repair of airway epithelial cells, as studied in cell culture (3, 5, 26, 28, (32) (33) (34) (35) , animal studies (6, 8, 12, 19, 20) , and more recently in humans (10), involves a coordinated series of events that include the establishment of a provisional matrix, dedifferentiation of nearby secretory and ciliated cells, rapid flattening and spreading of these cells, migration into the wounded area to cover the surface, and later proliferation and differentiation of cells to reestablish the functional epithelium (9, 11). The very early stages of epithelial restitution involving cell spreading and migration occur within hours of injury, and these processes necessitate substantial remodeling of cell structure. In addition, the restitution process in epithelial cells involves coordinated movement of a sheet of cells rather than cells migrating individually.
BECAUSE THE AIRWAY EPITHELIUM provides the interface between the outside environment and the body, it is vulnerable to injury from pollutants, infectious agents, and mechanical trauma. When injury to the epithelium occurs, it is important to rapidly restore the integrity of the barrier to prevent further infection or damage. The normal process of repair of airway epithelial cells, as studied in cell culture (3, 5, 26, 28, (32) (33) (34) (35) , animal studies (6, 8, 12, 19, 20) , and more recently in humans (10) , involves a coordinated series of events that include the establishment of a provisional matrix, dedifferentiation of nearby secretory and ciliated cells, rapid flattening and spreading of these cells, migration into the wounded area to cover the surface, and later proliferation and differentiation of cells to reestablish the functional epithelium (9, 11) . The very early stages of epithelial restitution involving cell spreading and migration occur within hours of injury, and these processes necessitate substantial remodeling of cell structure. In addition, the restitution process in epithelial cells involves coordinated movement of a sheet of cells rather than cells migrating individually.
The dynamic remodeling that occurs during cell spreading and migration relies on the establishment of directional polarity of the migrating cells and extension of protrusions in the direction of migration (15, 16, 23) . These protrusions can take place in the form of broader lamellipodial extensions or long and narrow filopodia. A repetitive process ensues in which the protrusions form adhesions to the substrate, rearward adhesions are disassembled, and contractile mechanisms pull the cell forward. Intrinsic to these processes is the carefully controlled remodeling of cytoskeletal structures at specific locations within the cell. Actin filament remodeling, formation and turnover of adhesion sites, and actomyosin contraction are regulated in part by members of the Rho family of small GTPases (13, 31) , and we (3) previously demonstrated that an imbalance in the activity of RhoA or Rac1 can disrupt normal repair mechanisms in airway epithelial cells. Because of its prominent role in spatially regulated actin-myosin contractile processes that are essential for the cells to generate the forces necessary to pull forward during cell migration, either increasing or decreasing RhoA activity caused changes in actin distribution and resulted in significantly slower epithelial repair. Similarly, decreased Rac1 activity (by expression of dominant negative Rac1) caused decreased lamellipodial extensions and slower cell migration. Our results suggested that the coordinated movement of epithelial cell sheets required tightly regulated RhoA and Rac1 activity that normally vary spatially from the leading edge to the trailing edge.
Although it is well-recognized that spatial variations in the localization and activity of these and other signaling molecules are important for the coordination of cell migration, the relationship between these dynamic processes and the local mechanical properties of the cells are less well-understood. Raucher and Sheetz (22) manipulated membrane tension by changing phospholipid composition or by osmotically swelling cells and found that lamellipodial extension rates were decreased with increased membrane tension. They suggested that membrane tension may regulate the actin polymerization rate during lamellipodial extension. Compared with cells adhered to a stiff substrate, cells adhered to softer substrates exhibit less organized actin networks and weaker focal adhesions and generate less tension (7) . Using force applied to the cell body using a microneedle or uniaxial substrate distention, Kaverina and colleagues (14) demonstrated increased polymerization of microtubules toward adhesion sites under elevated stress. We (27, 29) previously demonstrated that mechanical stretch and compression significantly decreased cell migration and wound closure of airway epithelial cells. However, little is known about how local mechanical properties vary during cell migration (15, 17, 18, 24) . We hypothesized that local mechanical properties change during airway epithelial cell migration either as a signal to coordinate cell migration or in response to structural rearrangements that occur in the cells. In this study, we used atomic force microscopy (AFM) to examine the localized mechanical stiffness in cells far away from a wound edge and in cells migrating at the wound edge 2 h after wounding. In addition, we compared these findings with measurements in cells expressing a dominant negative form of RhoA (DN-RhoA).
MATERIALS AND METHODS
Cell culture. A cell line of human airway epithelial cells, 16HBE cells (generously donated by Dr. D. Gruenert from the University of California, San Francisco), were used for all experiments. The cells from a T-flask were trypsinized and plated on 35-mm plastic petri dishes. The cells were grown in DMEM containing 10% FBS at 37°C with 5% CO2 until confluent in 35-mm tissue culture-treated dishes.
Adenoviral expression. Replication-deficient (E-1 deleted) recombinant type 5 adenoviruses expressing enhanced green fluorescent protein (EGFP) and dominant negative RhoA (T19N-RhoA or DNRhoA) were infected in 16HBE cells (3) . Adenoviruses were amplified using human embryonic kidney (HEK-293) cells and purified using an adenovirus purification kit (Clontech, Palo Alto, CA). Adenoviral titers were determined via a standard procedure by measurement of their cytopathic effect in HEK-293 cells and expressed in 16HBE cells. When cells were ϳ75% confluent, they were exposed to an adenovirus expressing either enhanced EGFP (used as a control) or DN-RhoA and incubated for an additional 24 h in serum-free media. After 24 h, the medium from the transfected dishes was removed and replaced with fresh serum-free medium. Initial studies demonstrated that EGFP-expressing cells exhibited similar mechanical properties and wound healing characteristics as uninfected cells (data not shown), and EGFP-expressing cells were compared with DN-RhoAexpressing cells in all subsequent studies.
Epithelial wound healing. Once confluent (48 h after transfection), cells were wounded by "scratching" a pipette tip (ϳ750 m in diameter) linearly across the confluent layer to create the wounded model. This scratch wound models injury that may occur due to direct trauma, atelectrauma (collapse and reopening of airways), and acid injury. Following wounding, cells were then rinsed using PBS, and bicarbonate-free DMEM was added again to the samples before transport to the atomic force microscope. DMEM was then aspirated, and the cells were rinsed with PBS. After rinsing, the dish was placed on the Digital Instruments (DI) Bioscope (Veeco Metrology, Santa Barbara, CA), and PBS was added to sustain the cell layer during the AFM analysis. The AFM measurements were made ϳ2 h after wounding the monolayer for each set of experiments to ensure that the cells had begun to migrate and spread. The wound healing and the measurements occurred at room temperature (ϳ25°C).
AFM. A DI Bioscope was used to obtain images and force/elasticity measurements on the 16HBE cells used in these experiments. Very soft cantilevers with spring constants of about 0.01 N/m and tip half-opening angle of ϳ35°(Microlever/Sharp Microlever; TM Microscopes, Santa Clara, CA) were used in contact mode on the cells. To conveniently position the AFM tip above the cells, the AFM piezo head was placed on an inverted optical microscope (Nikon Diaphot 200). Imaging was done in contact mode exclusively using a fluid cell. HEPES-buffered PBS was added to the dish once the piezo head was in position over the cells and the cells were in focus under the inverted microscope. Using a scan rate of 7 Hz, the collection of each force-volume image took ϳ25 min, and a new calibration curve was taken for each scan field. Elastic moduli were derived from the force curves obtained from force-volume imaging done using DI software v. 5.13 (21) . A force-volume image is one that is composed of force curves obtained at each location in the scan. Elastic moduli were obtained from the force curves using Sneddon's modification of the Hertzian model of elastic indentations (24, 30) . Briefly, the applied loading force, F, is related to the cantilever deflection, d, by the spring constant, k,
where z is the piezo movement or height and ␦ is the indentation depth. Sneddon's modification of the Hertzian model for the elastic indentation of a cone into a sample relates the loading force to the Young's modulus of the material (or elasticity), E, according to
where ␣ is the AFM tip half-opening angle (35°), and is the Poisson ratio of the sample (assumed to be 0.5). Equations 1 and 2 were then used to relate the piezo movement, z, to the cantilever deflection, d, as follows
where zo and do are the initial values. Assuming do to be 0 at the contact point, Eq. 3 was then fit to the experimental data by varying the contact point, z o, and the modulus, E. Force curves were analyzed and elasticity maps were generated using a custom-developed MATLAB program. Only the approach curves were used in the analysis, and data were analyzed only in the low force region between 10 and 40 nm deflection. A Simplex algorithm was used within MATLAB to minimize the sum of squared differences between the experimental curve and the predicted curve in the range of 10 -40 nm deflection. Deflection values in the range below 10 nm were not used because of greater noise in the data potentially due to interactions between the tip and the substrate. Deflection values greater than 40 nm were not used because of the nonlinear properties of the cells at the higher forces. The number of data points within this range was typically 3-6. In some cases, the regression routine did not converge on a solution, and elasticity values for these locations were not used. To compare the elasticity maps to the topology of the cells, we also measured the height of the cells relative to the lowest contact point in a given field.
Force-volume images were taken with 32 force curves/line and with 32 points/curve. Fifty micrometer-by-fifty micrometer images were taken at the wound edge and at locations at least 3.75 mm away from the wound edge. Each force curve corresponds to a pixel size of 50/32 or 1.56 m. Cells far from the wound edge (Ͼ3.75 mm) were assumed to maintain properties of unwounded cells. Elasticity values at each point were used to construct two-dimensional elasticity maps. Four or five scan regions from at least three different experiments for each condition were used for comparisons.
Statistical analysis. All values are presented as means Ϯ SE or as the median value. Statistical analysis was performed with the SigmaStat statistical package (v. 3.5; Jandel Scientific, San Rafael, CA). Because the data were not normally distributed, Kruskal-Wallis oneway ANOVA on ranks was used, and Dunn's method for comparison of ranks was used to compare treatments. Significant differences were determined based on a threshold of P Ͻ 0.05. Figure 1 shows AFM deflection images of 16HBE cells far away from the wound edge (Ͼ3.75 mm) and cells at the wound edge. Note that the cells in Fig. 1B were migrating into the wounded area indicated by the arrows. To determine the elasticity at each location in a scan area, we obtained force curves as described in MATERIALS AND METHODS. Figure 2A is an example of a force curve showing the relationship between the piezo movement (or z-height) and the cantilever deflection (d). As indicated in the figure, the region between 10 and 40 nm of deflection was used for the analysis of the curve. Using the relationships described in MATERIALS AND METHODS, this curve resulted in the calculation of an elastic modulus of 3.26 kPa. This represents one point in an elasticity map. Figure 2B shows a representative elasticity map in a region of cells far from the wound edge (preliminary studies indicated that elasticity values at this distance from the wound edge, Ͼ3.75 mm, were similar to those obtained in confluent 16HBE cells that were not wounded; data not shown). As shown in the image, the elastic modulus values varied substantially within a given field, indicating the heterogeneity of cell stiffness. Figure 2C shows the topology of the same field as shown in Fig. 2B by plotting the height at each location relative to the lowest contact point in the field. Taken together, these plots suggest that, in general, higher stiffness was observed in regions outside of the central nuclear regions. Table 1 summarizes the data obtained from five different fields for control cells. The elasticity values did not follow a Gaussian distribution, but median and quartile measurements were consistent in the different fields: 75% of the measurements were less than 10 kPa, and the median value for all measurements was 2.4 kPa. Figure 2D shows elasticity values obtained from five different fields as a function of scan position across the field. Both mean and median elasticity values were consistent along a scan line.
RESULTS

Elastic modulus was heterogeneous in 16HBE airway epithelial cells.
Expression of DN-RhoA decreased cell stiffness. We (3) previously demonstrated that expression of DN-RhoA in 16HBE cells resulted in a decrease in F-actin stress fibers and inhibition of wound healing. To determine whether expression of DN-RhoA caused a decrease in cell stiffness, we infected cells with an adenovirus expressing DN-RhoA 48 h before measurements of elastic modulus. Figure 3 shows a representative elasticity map of cells far away from the wound edge and data summarized from five fields as a function of position across the scan. As in the case of control cells, the elasticity values were not normally distributed, but Table 1 shows that the median elasticity for cells expressing DN-RhoA was significantly lower than in control cells. Seventy-five percent of the measurements in DN-RhoA cells were lower than 3.5 kPa compared with 10.0 kPa for control cells.
Mechanical stiffness varied significantly near the wound edge. To determine whether cell stiffness varied as a function of distance from the wound edge in migrating cells, scratch wounds were made, the cells were rinsed, and elasticity maps were obtained ϳ2 h after wounding. Figure 4 shows a representative elasticity map at a wound edge and data summarized from four different fields as a function of distance from the wound edge. Within the first 5 m from the edge of the wound, the median elastic modulus was significantly lower than the median value obtained far from the wound edge. After 10 m, the elasticity significantly increased above control values to a peak value of ϳ9 kPa and then decreased again to control levels after 20 m. These results indicate a softening of the cells at the leading edge and a stiffening of the cells between 10 and 20 m from the edge.
DN-RhoA reduced the increase in stiffness at the wound edge. To determine whether the stiffening of cells near the wound edge was dependent on contractile mechanisms involving RhoA, we measured the stiffness as a function of position in DN-RhoA-expressing cells. Figure 5 shows that elasticity values were significantly decreased within the first 3 m of the wound edge, and there were regions of increased stiffness at ϳ20 and 40 m from the edge, but the substantial increase observed in control cells was largely abrogated.
DISCUSSION
We (27, 29) previously demonstrated that cyclic mechanical stretch inhibited cell migration and wound healing of airway epithelial cells. Because both cell spreading and cell migration velocity were decreased by mechanical stretch in these studies, we hypothesized that these changes were potentially due to disruption of mechanical cues necessary for organized and efficient wound closure. In the current study, we sought to determine whether the mechanical properties of cells varied spatially during cell migration at a wound edge. We first investigated the distribution of elasticity in cells far from the wound edge and observed substantial heterogeneity in a given field, but median values were consistently less than 5 kPa (Fig.  2) . Because of the substantial variation in elasticity values in regions outside the nucleus, the mean values did not follow a Gaussian distribution and were consistently higher than median values. Although Fig. 2 suggests the possibility that higher modulus values were observed in junctional regions, we did not independently identify these regions. We next investigated the mechanical stiffness of 16HBE cells at the leading edge of a wound and found that elasticity was significantly decreased compared with cells far from the wound edge (Fig. 4) . This stiffness then increased dramatically between 10 and 20 m from the leading edge before returning to values similar to unwounded regions. These results demonstrate that while there is substantial heterogeneity in the stiffness characteristics of cells in an unwounded monolayer, there is a coordinated change in the mechanical properties of cells at the leading edge of a wound. The softening of the cells at the leading front and an increase in stiffness 10 -20 m back is consistent with the relaxation of focal adhesions as cells are spreading and the actin remodeling and contraction of the cells as they attempt to pull forward. The decrease in elasticity at distances Ͼ30 m from the edge may suggest relaxation of the cells at the trailing edge. In future studies, we will attempt to relate topographical and structural features of individual cells to elasticity mapping. When we disrupted cytoskeletal remodeling and inhibited actomyosin contraction by expressing DN-RhoA, the overall stiffness of the cells decreased (Table 1) , and the dramatic spatial variation in stiffness at the wound edge was removed (Fig. 5) .
Our results are consistent with the studies by Rotsch and colleagues (24, 25) who examined the mechanical properties of fibroblasts. They also measured substantial heterogeneity in the elastic moduli of fibroblasts with a range of values similar to our measurements in 16HBE cells. They observed a significant reduction in the average elastic modulus of fibroblasts treated with F-actin disrupting drugs (such as cytochalasins B and D and latrunculin), but disruption of microtubules had no effect on the elastic modulus (25) . When examining the leading edge of single fibroblasts, they found that motile fibroblasts had lower stiffness than quiescent fibroblasts within the first 4 m of the edge (24) . However, they measured elastic moduli only in the initial lamellipodial region in this study. As in the studies by Rotsch and colleagues (24, 25) , we analyzed our data using the approach portion of the force curves. The retraction curves Elastic modulus values are taken from 5 different fields for each condition. *P Ͻ 0.05. Data sets did not have equal variance and were not normally distributed. Therefore, a nonparametric comparison based on ranks was used (Dunn's method). DN-RhoA, a dominant negative form of RhoA.
sometimes showed indications of adhesive interactions between the probe tip and the cells.
Using a similar approach with scanning probe microscopy, Nagayama and colleagues (18) found that the central region of a migrating fibroblast initially stiffened compared with the central region of a stationary cell, but then the stiffness in the central region significantly decreased as the cell migrated. Kole and collaborators (15) also compared migrating and stationary fibroblasts, but they evaluated intracellular mechanics using microinjected fluorescent microbeads. They found that cells at the edge of a wounded monolayer (4 h after wounding) were less deformable (stiffer) than quiescent fibroblasts. To examine localization of the mechanical properties in these cells, they compared the central region of the cells (30-m radius surrounding the nucleus) with the rest of the cell. They found that the outer region of migrating cells was stiffer than the central region, while the stiffness in the perinuclear region of quiescent cells was similar to the outer region. Although we did not distinguish individual cells, since epithelial cells migrate as a coordinated sheet, our results are in general agreement with those of Kole et al. (15) since we also measured stiffening of the cells within 10 -20 m of the leading edge. However, our approach allowed localization of the changes in elastic modulus as a function of the distance from the edge. The profile of elastic modulus at the leading edge of migrating individual keratocytes, measured using AFM, demonstrated increased stiffness at the leading edge that gradually decreased toward the center of the cells (17) . These results differ somewhat from our findings, but this may be related to the rapid migration rate of keratocytes and the difference between the migration of individual cells and cell sheets. It is unclear what advantage would be gained by increased stiffness at the leading edge of a rapidly migrating cell, but if focal adhesions are being released and actin is remodeling then one might expect to have less stiff regions.
As described previously, there are limitations to the AFM approach for measurements of mechanical properties of cells. First, the use of the Hertz model to evaluate the elastic modulus is a simplification of a complex mechanical system (1, 24, 25) . This model assumes that elastic deformation occurs between two homogeneous smooth surfaces that are isotropic. Because of the variability of materials and structures within cells, they are clearly not isotropic. However, we limited our analysis to the linear regions of the force curves to minimize the effects of nonlinear properties of the cells. The model also assumes that the sample is infinitely thick and uniformly elastic, and this assumption is clearly untrue when the height of the cell is comparable to the size of the probe tip, for example when lamellipodial extensions are very thin (200 -300 nm). Under these conditions and with higher loading forces, the probe tip will be influenced by the stiffness of the underlying substrate, and the estimated elastic modulus is considered as an upper limit. Although these serious limitations prevent determining highly precise values for the modulus, they do not preclude comparisons of the spatial distribution of apparent moduli from our data because we analyzed the low force region of the curves where the cantilever deflection was small ( Fig. 2A, for example, between 10 and 40 nm, which corresponds with a force range of approximately 100 to 400 pN). Also, our results demonstrated lower values of elastic modulus in the thinnest regions of the cells at the leading edge rather than elevated values. Another common assumption in the use of this model is that the Poisson ratio of the cells is 0.5, but this has not been measured experimentally. With these considerations in mind, elastic modulus values obtained using this approach should be considered as an apparent elastic modulus that can be used for comparisons but may not accurately reflect the true elastic modulus of the cells. In fact, viscoelastic properties measured using other approaches, such as those using intracellular fluorescent bead tracking (15) , can be orders of magnitude smaller than those measured using AFM approaches. However, each of these approaches has advantages and disadvantages, and we used the AFM approach to make measurements of the relative elastic properties with high spatial resolution at the wound edge.
Expansion of the lungs during the respiratory cycle causes lung epithelial cells to be exposed to large deforming stresses. Previous studies have demonstrated complex microrheology of lung epithelial cells with "structural disorder and metastability" that suggests a strong capability to adapt to mechanical stress (1a, 2). Measurements of the Young's modulus for two types of human-derived lung epithelial cells, A549 (alveolar) and BEAS-2B (bronchial), were comparable to our measurements (1.59 and 1.55 kPa, respectively). We did not evaluate the response of 16HBE cells to dynamic stresses in the current study, but our results do suggest complex but coordinated rearrangements of the cell mechanical properties at the leading edge of a wound. We speculate that the decrease in cell migration in response to cyclic mechanical stretch that we observed in previous studies (27, 29) may be due to disruption of these complex rearrangements. These rearrangements are likely coordinated with signaling through Rho GTPases. We previously demonstrated that 16HBE wound closure was regulated by both RhoA and Rac1 signaling and that expression of either constitutively active or DN-RhoA inhibited wound closure (3). These findings are consistent with the current study in that expression of DN-RhoA significantly reduced the increase in stiffness near the leading edge of the wound. These results support the hypothesis that signaling pathways that are involved in structural rearrangements, such as those involving RhoA, are necessary to regulate the mechanical stiffness spatially. We can not, however, rule out the possibility that these variations in localized elasticity, in turn, lead to further spatial regulation of these signaling processes. Our measurement of the spatial variation of mechanical stiffness with respect to the wound edge and the blunting of this variation with DN-RhoA suggest that variations in mechanical properties at the wound edge are dependent on RhoA signaling and are important for coordinated cell migration.
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